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Variations in the width of a quantum well (QW) are known
to be a source of broadening of the exciton line. Using low
temperature near-field optical microscopy, we have exploited
the dependence of exciton energy on well-width to show that
in GaAs QWs, these seemingly random well-width fluctua-
tions actually exhibit well-defined order — strong long-range
correlations appearing laterally, in the plane of the QW, as
well as vertically, between QWs grown one on top of the other.
We show that these fluctuations are correlated with the com-
monly found mound structure on the surface. This is an in-
trinsic property of molecular beam epitaxial growth.
PACS:
The confinement of electrons and holes to two dimen-
sions (2D) in semiconductor quantum wells (QWs) alters
the density of states and interactions, making them an
ideal system for studying 2D physics. It is well known
that QW interfaces are not perfect, and some rough-
ness, which depends on the growth conditions, is always
present. As a result, the QW width is not uniform and
the confinement energy fluctuates in the plane. This gives
rise to a disorder potential, which strongly affects the be-
havior of particles and quasi-particles in the QW.
This interface disorder potential plays a particularly
dominant role in determining the behavior of QW exci-
tons. These objects are localized in this potential and
their energy spectrum becomes discrete. Indeed, exciton
localization in this disordered system has been a subject
of intense theoretical research, and a variety of spectro-
scopic techniques were implemented to study its mani-
festation in the optical spectrum. Important insight into
this problem came with the application of scanning near-
field optical microscopy (SNOM) to the study of QW
photoluminescence (PL). In a pioneering work, Hess et
al. have directly shown that the far-field inhomogenously
broadened line of the exciton splits into many narrow
lines in the near-field, each line corresponding to a dif-
ferent exciton eigenstate of the disordered potential [1].
This work was followed by a number of SNOM measure-
ments that investigated the local properties of excitons
in the spatially fluctuating potential of a QW [2–6]. A
considerable attention was recently directed to the sta-
tistical properties of the exciton energy levels in this sys-
tem [6,7]. It was shown that the exciton energy levels in
a disordered narrow QW are not randomly spaced but
rather exhibit ’level repulsion’ behavior, manifested by a
characteristic spacing between the energies.
The common assumption in the theoretical studies of
exciton localization in QWs is a disorder potential with
only a single short-range correlation length ξ, which is
of the order of the exciton Bohr radius aB [8]. Indeed,
previous near-field measurements have focused on narrow
(∼ 3 nm) QWs in which single localized excitons can be
resolved and direct insight into the short-range correla-
tions (e.g., extended states, level repulsion) is obtained
[2,6]. In this work we focus on broad QWs (10−20 nm) in
which the short-range behavior is averaged by the SNOM
tip, and we study in detail the vertical and lateral long-
range order of the exciton energy distribution. We find
that the seemingly random exciton energy fluctuations
exhibit well defined order: strong long-range correlations
appear both laterally, in the plane of the QW, and verti-
cally, between QWs grown one above the other. We show
that this behavior is general and stems from an intrinsic
property of molecular beam epitaxial (MBE) growth.
The measurements presented in this work were per-
formed on three GaAs QW samples. Samples 1 and 2
are modulation-doped and have similar structures: They
both have a single 20 nm GaAs QW. In sample 1 a 3.6 nm
Si-doped donor layer is separated from the QW by a 50
nm Al0.35Ga0.65As spacer layer and the distance between
the QW and the sample surface is 96 nm. In sample 2 the
Si-doped layer has a width of 15 nm, and the spacer is a
60 nm layer of Al0.35Ga0.65As. The distance between the
QW and the sample surface is 63 nm. In both samples a
2× 2 mm2 mesa was etched, and ohmic contacts were al-
loyed to the QW layer. A 4.5 nm PdAu semitransparent
gate was evaporated on top of the samples. All the data
were taken at a gate voltage such that the QW is de-
pleted of electrons and the PL spectrum is dominated by
the neutral exciton transition. Sample 3 consists of four
QWs of widths 25, 17, 11 and 5 nm, grown in that or-
der and separated from each other by 20 nm AlAs layers.
The uppermost QW (5 nm) is 50 nm below the sample
surface. The overall growth thickness in samples 1, 2,
and 3 are 1.57 µm, 1.11 µm, and 1.23 µm, respectively.
The local measurement of the PL spectrum is per-
formed with a homemade SNOM operating at 4.2 K [9].
The sample is illuminated uniformly by a single-mode
fiber and the emitted PL is collected through a tapered
Au-coated etched optical fiber tip [10]. The tip collects
the PL and guides it through an optical fiber into a spec-
trometer, where it is dispersed onto a liquid nitrogen
cooled CCD camera. The overall spectral resolution is
80 µeV. The spatial resolution is determined by the tip
diameter. We have conducted measurements with tips of
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various diameters in the range of 0.2− 0.3 µm .
We begin by studying the lateral distribution of the
exciton peak energy EX in the two single QW samples.
Figures 1a and 1b are mappings of EX in the two sam-
ples, each over an area of 11×11 µm2 (111×111 points).
The images are color coded from dark to bright, corre-
sponding to low and high exciton energies, respectively.
The near-field exciton lineshape in both samples is found
to be Gaussian throughout the measured area, with typ-
ical full widths at half maxima of ∼ 0.5 meV. The peak
of the Gaussian fit allowed EX to be extracted with an
accuracy which is better than our spectral resolution.
The near-field Gaussian lineshape indicates the existence
of inhomogenous broadening on the tip-size scale. The
near-field spectrum is therefore a superposition of many
exciton lines, localized in the short-range fluctuations, on
a scale smaller than the tip size.
The two images seem random, with no apparent order
in the energy distribution. It is seen that there is clear
distinction between the two: in sample 1, EX varies on
a significantly shorter length scale than in sample 2. Ex-
amining the fluctuation amplitude another difference is
noticeable: in sample 1 the mean fluctuation is ∼ 0.1
meV, significantly smaller than the typical near-field in-
homogenous line-width of the exciton, whereas in sam-
ple 2 it is ∼ 0.4 meV, comparable to the inhomogenous
width. To examine the presence of underlying long-range
order and spatial correlations in these seemingly random
energy distributions we calculated the 2D autocorrelation
function, defined as
GX(x, y) =< E(x
′, y′)E(x′ − x, y′ − y) > . (1)
Here < ... > denotes averaging over all measured
points in the scanned area, and E(x, y) = EX(x, y)− <
EX(x, y) >. The correlation function averages out the
random behavior and highlights the correlated part of
the signal. In particular, periodic peaks in GX(x, y) in-
dicate the existence of periodicity in the exciton energy
distribution. Figures 1c and 1d show plots of GX(x, y)
for the data of Figs. 1a and 1b, respectively. The plots
are color coded such that bright and dark regions corre-
spond to strong and weak correlations (large and small
GX), respectively. Clear symmetry axes and periodicity
are observed in both figures. It is seen that the maxima
of GX(x, y) in both figures are arranged along lines that
match the [100] and [010] crystallographic orientations
[11]. Furthermore, these maxima exhibit a periodicity of
∼ 1.8 in sample 1 and ∼ 3 µm in sample 2. In fact, it
is seen that the peaks form a structure that resembles a
cubic lattice.
The existence of this surprising long-range order along
crystallographic directions clearly indicates that its origin
is the structure of the GaAs/AlGaAs crystal. To under-
stand the relationship between the exciton energy fluc-
tuations and the crystalline structure we have used the
SNOM to examine the topography of the sample surface
h(x, y). We note that the topography provides us with a
measure of the integrated evolution of the GaAs/AlGaAs
crystal following a growth of ∼ 1 µm, while the exci-
ton energy, which is related to the local well width, gives
the differential behavior over 20 nm at the final stage
of the growth. Since the topography is measured in the
SNOM simultaneously with the near-field spectra, one
obtains the two signals, EX(x, y) and h(x, y), at exactly
the same location. We find that the samples’ surface is
covered with mounds with a typical height of 10 nm (Fig.
2a and 2b). Comparing the force images to the exciton
energy images, one can clearly see the similarity between
them. In Figs. 2c and 2d we show the autocorrelation
function Gh(x, y) of the topography images for the same
areas as in Figs. 1c and 1d. We can see that the surface
topography also exhibits long-range order, which is sim-
ilar to that of EX . The similarity between GX(x, y) and
Gh(x, y) is especially pronounced in sample 2, where the
two functions exhibit the same symmetry and periodic-
ity. This is demonstrated in Fig. 3, which shows a cut
through the origin of both functions along the [010] di-
rection. Remarkably, the periodicity is exactly the same
for the two lines.
The formation of mounds on surfaces of MBE-grown
samples has been a subject of intensive study during the
last decade. However, to the best of our knowledge, there
is no detailed investigation of their influence on the QW
width fluctuations. An important milestone was the find-
ing that their origin is an intrinsic growth instability,
which inhibits downward movement of adatoms at step
edges [12,13]. It was shown that the mounds acquire
an elongated shape in the [11¯0] direction due to surface
reconstruction of the As atoms, which terminate the As-
rich (001) surface [14]. This anisotropy in the mounds’
shape is clearly seen in the topography image of sample
1 (Fig. 2a). As more layers are added the mounds grow
in height and a process of coarsening sets in, in which
small mounds merge with larger ones, and the surface
becomes completely covered with large mounds with a
characteristic size and inclination angle [12]. The strong
similarity between the long-range behavior of the exci-
ton energy and the surface topography clearly indicates
that the mound formation plays a dominant role in de-
termining the QW width fluctuations. In particular, we
believe that the coarsening process of the mound topog-
raphy is responsible for the quasi-periodic structure that
is observed both in the surface topography and exciton
energy. It should be noted, however, that the exciton im-
age in sample 1 does not show the anisotropy exhibited
by the topography image. This is probably since the dif-
ference in growth along the two crystal directions is not
significant for a thickness of 20 nm.
The notion that mound formation creates long-range
correlations in the QW width fluctuations implies that
there should be correlation in the vertical direction as
well. To investigate this issue we have measured the near-
field exciton energies of sample 3, which consists of four
different QW grown one on top of the other. The spectral
window of our spectrometer and CCD system enabled us
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to measure simultaneously the spectra of three QWs (11,
17 and 25 nm), thus, avoiding any drift that could oc-
cur in sequential measurements. In Fig. 4a we show
the fluctuations in the exciton energies of the three QWs
along an 11 µm line. The near-field exciton lineshapes
of the two narrower wells were non-Gaussian, consisting
of multiple peaks. To determine the characteristic exci-
ton energy, EX(x, y), for each location we calculated the
energy center-of-mass of each spectrum. This procedure
enabled us to get very good accuracy for EX . It is evident
that there is an almost perfect correlation between the
fluctuation patterns in the three QWs, indicating that
they arise from the same physical origin. It is seen that
this matching in the fluctuation patterns occurs down to
sub-micron length scales. Indeed, we found that the to-
pography of that sample is characterized by shallow and
densely packed mounds. We note that the amplitude of
the energy fluctuations increases as the well width de-
creases as expected. On the other hand, the bulk GaAs
exciton peak, which is measured simultaneously in the
same sample, shows much smaller fluctuations that are
uncorrelated with those of the QWs peaks. This is a re-
assuring evidence that the observed fluctuations in the
center-of-mass spectrum are indeed due to well width
fluctuations. One can thus conclude that the process of
mound formation indeed creates a strong vertical corre-
lation between the width fluctuations of QWs grown one
on top of the other.
The existence of this vertical correlation has signifi-
cant implications for the understanding of the resonant
Rayleigh scattering (RRS) in multiple QWs samples. It
was recently shown that the RRS in multiple QWs is
characterized by temporal oscillations, which are absent
in single QW samples [15,16]. These oscillations were ex-
plained as resulting from exciton-polariton effects. How-
ever, in presenting this explanation it was implicitly as-
sumed that full vertical correlation exists between the
disorder in the QWs [15]. In fact, recent theoretical cal-
culations have shown that these polaritonic effects de-
pend critically on the amount of vertical correlation of
the disorder between the wells, and disappear when only
moderate correlation exists [8]. Our measurements pro-
vide direct evidence to the validity of that assumption,
and substantiate the existence of strong vertical correla-
tion.
We can now quantitatively analyze the relation be-
tween the characteristic amplitude of well-width fluc-
tuations ∆L and the QW width L. Clearly, ∆L can
be directly obtained from the amplitude of the exciton
energy fluctuation, ∆E, and the mean energy, EQW :
for a QW with infinite barriers the relation is simply
∆E/EQW = −2∆L/L, and for finite barriers it can be
calculated numerically. In Fig. 4b we rescale the data of
Fig. 4a with the vertical scale being ∆L. Remarkably,
the order of the lines has been changed and the largest
fluctuations in well width are found in the widest well.
To further establish this surprising conclusion we mea-
sured the exciton energy of the four quantum wells along
six lines, 11 µm long (corresponding to 666 measurement
points), and calculated the standard-deviation, σ, of ∆L
in each QW. In Fig. 5 we plot σ as a function of the
QW width L. It is clearly seen that σ increases mono-
tonically with L. One can thus conclude that the long-
range part of the well-width fluctuations increases with
the well-width. The mechanism that gives rise to this
behavior is illustrated schematically in the inset of Fig.
5. The drawing shows the AlAs/GaAs and GaAs/AlAs
interfaces for wide and narrow QWs. The coarsening
process (discussed above) and the process of smoothen-
ing of the AlAs interface by the GaAs layers give rise
to non-uniform growth of the quantum well. The well is
thicker at the mounds minima and thinner at their max-
ima. As depicted in the drawing, the amplitude of the
well width fluctuations, which is given by the difference
between the wide and narrow regions, increases with the
well width. To verify the correctness of this model we
studied the local relation between h(x, y) and EX(x, y)
in all samples. A detailed examination of the topography
and energy images reveals that at points where h is high
EX is also high, and vice versa. In other words, the well
is narrow at places where the surface is high and wide
where it is low.
In conclusion, we wish to note that the role of sur-
face mounds in determining the spatial distribution of
electrons in MBE-grown samples was recently realized
[17,18]. Our work shows that this intrinsic property of
MBE growth has far reaching effect on the optical spec-
trum of excitons in semiconductor QWs as well.
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Fig. 1: (a), (b) Two-dimensional images of the exciton
energy, EX(x, y), for samples 1 and 2, respectively. The
energy ranges in (a) and (b) are 0.2 and 0.5 meV, respec-
tively. (c), (d) The autocorrelation function GX(x, y) for
the range −10 µm ≤ x, y ≤ 10 µm, of the exciton images
of samples 1 and 2, respectively.
Fig. 2: (a), (b) Surface topography images of samples
1 and 2, respectively. The full range is 20 nm. (c), (d)
The autocorrelation function Gh(x, y) for the range −10
µm ≤ x, y ≤ 10 µm, of the topography images of sample
1 and 2, respectively.
Fig. 3: Cuts through the origin of GX and Gh along
the [010] crystallographic orientation of sample 2.
Fig. 4: (a) The exciton energy fluctuations of three
QWs grown one on top of the other along an 11 µm line.
(b) The same line scan as in (a) translated to well-width
fluctuations.
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Fig. 5: The standard-deviation of the well-width fluc-
tuations as a function of the well width. The inset shows
a schematic drawing of the layers structure for narrow
and wide QWs. Grey and white areas represent GaAs
and AlGaAs layers, respectively.
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